The relationship between sequence and binding properties of an aptamer for immunoglobulin E (IgE) was investigated using custom DNA microarrays. Single, double and some triple mutations of the aptamer sequence were created to evaluate the importance of specific base composition on aptamer binding. The majority of the positions in the aptamer sequence were found to be immutable, with changes at these positions resulting in more than a 100-fold decrease in binding affinity. Improvements in binding were observed by altering the stem region of the aptamer, suggesting that it plays a significant role in binding. Results obtained for the various mutations were used to estimate the information content and the probability of finding a functional aptamer sequence by selection from a random library. For the IgE-binding aptamer, this probability is on the order of 10 210 to 10 29 . Results obtained for the double and triple mutations also show that there are no compensatory mutations within the space defined by those mutations. Apparently, at least for this particular aptamer, the functional sequence space can be represented as a rugged landscape with sharp peaks defined by highly constrained base compositions. This makes the rational optimization of aptamer sequences using step-wise mutagenesis approaches very challenging.
INTRODUCTION
Aptamers are short, single-stranded nucleic acids which can be selected in vitro to bind nearly any target, from small molecules to proteins (1) (2) (3) . The relative ease of selection, and the fact that the specificity and affinity of aptamers rival that of monoclonal antibodies has led to an increasing number of analytical applications for aptamers (4) (5) (6) . One such application is the creation of aptamer microarrays that have been used for protein detection with the ultimate goal of proteomic profiling of biological samples for diagnostic purposes (7) .
Several approaches for creating low-density arrays (both in terms of number of probes per array and in terms of different aptamers) have been previously described. In one of the earliest reports, an array biosensor utilizing fluorescently labeled DNA-and RNA-based aptamers was used to demonstrate binding of target proteins in complex mixtures by using fluorescence anisotropy changes upon protein target binding to a surface-immobilized aptamer (8) . Later reports have described approaches where fluorescently labeled proteins were used to detect binding to the aptamers arranged on a surface in microarray format. For example, DNA-based photoaptamer microarrays were created by immobilizing aptamers on slides using chemical linkage through an amino group present on the 5 0 end of the aptamer. These arrays were used to detect and quantify concentrations of up to 17 different target proteins (7) . Similarly, DNA aptamers which bind to human immunoglobulin E (IgE) and thrombin were used to create spotted microarrays using 3 0 -amino-modified sequences (9) . Subsequently, more extensive studies including both DNA and RNA aptamers were performed using biotin-modified aptamers which were spotted onto the surface of streptavidin or neutravidin modified slides (10) (11) (12) . In all of these cases, DNA or RNA aptamers selected employing solutionbased SELEX methods were used in a microarray format to demonstrate binding of fluorescently labeled target proteins. Recently, applications of aptamer arrays using different label-free detection modalities have also been demonstrated. For example, surface plasmon resonance (SPR) imaging was used to detect protein binding to RNA aptamer microarrays (13, 14) . Electrochemical detection of protein target binding to arrays of aptamer-modified gold electrodes have been also demonstrated (15) .
The studies described above used aptamer sequences which were chemically synthesized and then deposited on the surface of an array. However, this approach is limited in terms of the number of aptamers per microarray, both because of the requirement that the aptamers be presynthesized and by limitations of robotic printing approaches. In situ DNA synthesis technologies, either light-directed synthesis (Affymetrix, NimbleGen) or non-contact printing of nanoliter volumes (Agilent), allow much higher density arrays to be created. It is now possible to obtain large custom microarrays with hundreds of thousands of probes (Agilent, Nimblegen). In the present report, custom DNA microarrays have been designed and used as a means of synthesizing and analyzing variants of an IgE binding aptamer, which has previously been selected using SELEX methodology (16) (Figure 1 ). This has made it possible to explore the effects of aptamer sequence modification on binding properties and to see if enhancement in binding of surface-bound aptamers can be observed. The IgE-binding aptamer that served as the basis for this study was selected previously using standard, solution-phase SELEX methodology (16) , and one question addressed in this work is whether further optimization for use as a surface bound molecular recognition element in a microarray format is possible. Because current technology allows in situ synthesis of thousands of distinct sequences in the same microarray, it is straightforward to study the effects of single, double, triple, etc. mutations of a specific aptamer. We have designed a 44 000 feature custom microarray (Agilent) that contains three copies of all possible single-and double-mutations as well as about one-third of all triple mutations of the IgE aptamer. This allows the direct exploration of the topology of aptamer sequence space.
Direct exploration of sequence space utilizing microarrays offers a unique perspective for studying protein-DNA interactions. This has been elegantly demonstrated by protein-binding microarray technology, which provides comprehensive characterization of the in vitro DNAbinding specificities of DNA-binding proteins (transcription factors etc.) binding to double-stranded DNA microarrays (17) (18) (19) (20) . Analysis of DNA-binding specificities using microarrays provides information about the lower affinity sequences, which is largely inaccessible using other methods for sequence space exploration, like selections from doped libraries (21, 22 ). Here we demonstrate that microarray technology can be effectively used for direct exploration of protein-binding aptamer sequence space by providing a complete picture of high-, moderate-and lowbinding sequence variants of the IgE-binding aptamer.
MATERIALS AND METHODS
Human IgE was purchased from Athens Research (Athens, GA, USA). For binding experiments, IgE was labeled with Alexa Fluor 647 dye according to the manufacturer's protocol (Invitrogen). Typical labeling resulted in $6-7 dye molecules per protein molecule.
Custom 44 K DNA microarrays were designed and ordered through the custom microarray program from Agilent. The array design was based on the published IgE aptamer sequence (sequence 17.4, see Figure 1 ). Microarrays were designed to include triplicates of each probe. Before binding of the fluorescently labeled IgE protein to the array, the microarray surface was blocked using a solution consisting of 0.2% I-Block (Applied Biosystems) and 0.1% Tween-20 in 1Â PBS also containing 1 mM MgCl 2 . Blocking was done for 1 h at room temperature and then the arrays were dried by centrifuging. Protein binding was performed using GeneFrame hybridization chambers. Fluorescently labeled protein was diluted to concentrations ranging from 1 nM to 500 nM in 1% BSA solution in 1Â PBSMT (1Â PBS (10 mM sodium phosphate buffer pH 7.4, 138 mM NaCl, 2.7 mM KCl) + 0.1% Tween-20 + 1 mM MgCl 2 ). Binding assays were done at 378C overnight. After incubation, microarrays were washed three times with 1Â PBSMT and three times with 1Â PBSM (1Â PBS + 1 mM MgCl 2 ). Then, the microarrays were dipped in nanopure H 2 O to remove any remaining salt and dried by centrifuging (1500 rpm for 5 min using a swinging bucket rotor). Microarrays were imaged using Agilent's microarray scanner at 10 mm resolution. Data were extracted from images using GenePix Pro 6.0 software and results were analyzed using programs written in Matlab or Excel. Results from triplicates of each probe were used to calculate the mean fluorescence signal and standard deviation for each probe. In the majority of cases, the SD was <10% of the mean value. To evaluate reproducibility, incubations at 100 nM protein concentration have been performed three times (on three different arrays), and the array-to-array variability was also within 10% of the mean signals.
RESULTS
DNA sequences on custom DNA arrays from Agilent can be synthesized up to 60 nt in length. Since the IgE-binding aptamer is only 37 nt long (Figure 1 ), the initial investigation of this aptamer immobilized on the surface of the microarray focused on establishing the optimum length of the linker separating the aptamer from the surface. Aptamer sequences were designed to contain a linker from 0 to 23 Ts on the 3 0 end separating the aptamer from the surface (aptamer attachment to the surface is through the 3 0 end, as the DNA strands are synthesized in the 3 0 -5 0 direction). The resulting binding signals with increasing linker length are shown in Figure 2 . These results were obtained using 100 nM IgE protein concentration, however, similar trends were observed at other protein concentrations as well. The fluorescence signal increases with increasing length of the linker nearly linearly, indicating that separation of the aptamer from the array surface enhances its ability to bind to the target protein.
As the linker approaches about 20 nt in length, its effect becomes less pronounced, though it is unclear if additional linker length might further improve the binding characteristics. All further mutagenesis experiments were performed using aptamer sequences containing 23 T linkers to optimize the binding signal.
Single IgE aptamer mutations
Sequences corresponding to all single mutations of the IgE aptamer were included on the microarray to study the importance of the specific base at each position. A summary of the results obtained at 100 nM IgE protein is presented in Figure 3 . Overall, the results show that the IgE-binding aptamer sequence is extremely sensitive to single mutations, particularly in the loop region. Mutations at most positions in the loop cause nearly complete loss of activity (binding); only six bases can be mutated to other nucleotides while maintaining substantial affinity, and the majority of these mutations still result in decreased fluorescence intensity signals. Fluorescence intensity plotted as a function of protein concentration ( Figure 4 ) shows that at 100 nM protein concentration the signal versus binding curve is still in the linear region suggesting that the fluorescence signal should qualitatively correlate with the relative sequence affinity at this concentration (the correlation between fluorescence signal and binding affinity is addressed in more detail below). Several interesting, unexpected observations were noted for mutations introduced in the stem region of the aptamer. While changes in the stem generally resulted in decreased signal, the extent of decrease was much less on average than that observed for the deleterious mutations in the loop region. Figures 3 and 4 also show that sequences containing a mismatch mutation at the very end of the stem (either the first or second base pair) exhibit higher signals (higher affinity) compared to the original sequence. The effect of the base pair mismatch is, however, somewhat asymmetric and mutation dependent. Introduction of a mismatch at the second base pair on the 5 0 end of the stem seems to have a positive effect, while the introduction of a mutation on the complementary position near the 3 0 end of the stem has an adverse effect on binding. The effect of the mutation is also dependent on the specific base substitution. 
Double mutations
Given that the IgE aptamer is predicted to have a stemloop secondary structure (Figure 1 ), we have created two distinct sets of double mutations. First, all possible double stem mutations that conserve the base pairing were investigated to analyze the stem's importance in binding. Another set of all possible double mutations in the loop region (spanning bases 9-29) were created and tested to investigate the effects of these mutations on binding affinity.
The results for the stem mutations are summarized in Figure 5 . Overall, these findings suggest that only a small region of the stem is critical for binding. The majority of the base pair-conserving mutations do not have a significant effect on the binding signal. As seen for the single mutations, a higher intensity fluorescence signal is observed for the features containing sequences in which the first base pair in the stem (G-C) is changed to a thermodynamically less stable base pair (A-T or T-A). Interestingly, mutation of the fifth, sixth or seventh base pair in the middle of the stem to GC results in a decrease of the observed signal, suggesting that the particular composition of these base pairs is important for binding to IgE. On the other hand, mutation of the eighth base pair from GC to AT results in a significant increase in the observed fluorescence signal. The specific arrangement of bases also seems to be important as the symmetric reversal of AT to TA in this position results in a decreased signal. Another surprising result is that the aptamer containing the mirror image of the stem (i.e. the sequence on the left switched places with the sequence on the right) shows an increase in the observed fluorescence signal (corresponding to a higher binding affinity) compared to the original sequence. The results of Figure 5 also show that the particular composition of the stem is important, as aptamers with completely mutated stems (all G-C or all C-G or all A-T base pairs) show significant decreases in binding affinity. The results for all T-A base pair stems are most likely biased because of the 23 T linker separating the aptamer from the surface and the run of A's in close proximity at the 3 0 end of the stem. In this case, secondary structure calculations predict a configuration that is more stable when the linker sequence folds to form a small all-T loop with the A-T stem. The existence of this stable secondary structure likely interferes with the proper aptamer structure required for binding to IgE.
As the single mutation results described above suggest, little variation is possible in the specific aptamer sequence of the loop region if function is to be maintained. However, in principle, a mutation at one position might be compensated by a mutation at another position. To test this, sequences containing all possible double mutations in the loop region (starting with the non-conventional TG base pair) were included on the microarray to investigate the interplay between mutations within the loop. The results complement the results of the single mutations, showing that most of the positions in the aptamer sequence are critical for binding ( Figure 6 ). Only few positions can be mutated in concert while still maintaining a significant binding affinity. In particular, double mutations including mutations in the positions 11, 18, 19, 22, 23 and 24 retain aptamer activity, although with decreased affinity (Figure 6 ). These mutations are at the same positions where single mutations can be present, suggesting that, rather than being compensating mutations, they are just two mutations at non-critical positions (positions that are not important for forming the tertiary structure or specific contacts with the protein in the bound configuration). Generally, no compensatory activity is observed, i.e. any combination of two mutations results in a fluorescence signal that is less than the signals obtained for each mutation individually. The two notable exceptions are combinations including mutations at position 18. In one case, combining a C to T mutation at position 18 with a C to T mutation at position 22 results in a fluorescence signal that is within a standard deviation of the signals for each of the individual mutations as well as the original aptamer sequence. In another case, mutating C to A at position 18 and T to C at position 24 results in the fluorescence signal that is larger than the signals for either of the individual mutations: $15 000 counts for the double mutant versus $12 000 and $13 000 counts for the individual mutations, respectively (signals at 100 nM protein concentration).
Triple mutations
A complete set of triple mutations of the IgE binding aptamer was not possible within the constraints of the 44 000 feature microarray used for this experiment.
Thus, three distinct sets of triple mutations were screened to evaluate at least a limited portion of this sequence space. A set of all possible triple mutations involving purine to purine (A$G) or pyrimidine to pyrimidine (C$T) changes in the loop region was created (this set contains 1330 mutations). Another set of triple mutations was created by combining the mutation C to T at position 18 with all other double mutations in the loop region (from base 9 to 29, maintaining T in the position 18). As noticed above, the mutated aptamer sequence containing T instead of C at the position 18 shows a slight increase in the fluorescence signal suggesting higher binding affinity. Combination of this mutation with several other mutations also maintains or increases binding signal (see double mutant results). Thus, a set of triple mutations holding T at position 18 was created to investigate if an improved aptamer could be obtained by addition of other mutations to this one. Lastly, the complete set of all possible triple mutations (35 910 mutations covering loop region from position 9 to 29 in the aptamer sequence) was created by computation and 8913 of these triple mutants were chosen randomly from the complete set as a way of sampling the entire triple mutant sequence space. (This number of mutations was selected to completely fill the microarray; mutated sequences were all present in triplicate.) 
Comparison of array data to independently determined K d values
The original IgE-binding aptamer and three of the variants with either stronger (G to T mutation at position 1), similar (C to T mutation at position 19) or much weaker (T to A mutation at position 17) apparent affinities were synthesized and their K d values were determined using SPR and/or fluorescence anisotropy methods (results are summarized in Table 1 , see also Supplementary Data). SPR experiments were performed using a Biacore instrument, where IgE was immobilized on the surface of a gold chip and different aptamers were flowed over it. The fluorescence anisotropy experiments utilized Texas Red labeled aptamers binding to IgE in solution, similarly to previously published work (23) . The fluorescence values observed on the array for this set of aptamer variants using 100 nM labeled IgE corresponds qualitatively to the binding constants determined, suggesting that the level of fluorescence on the array is a reasonable qualitative measure of affinity.
DISCUSSION
Nucleic acid aptamers have been rapidly gaining popularity in various bioanalytical techniques where they have been effectively used to replace antibodies. One of the main reasons for this is the fact that aptamers can be easily synthesized and modified using well-established nucleic acid chemistries. The specific nucleic acid sequence determines how the aptamer is folded, which in turn determines the binding affinity. Thus, investigation of the relationship between sequence, structure and binding affinity is important for a more complete understanding of the biophysical aspects of aptamer-ligand binding. A number of studies of aptamer sequence space have been performed previously utilizing a variety of techniques directed to either chemically modify the aptamer sequences (24) (25) (26) or to select the best variants from the doped aptamer libraries (21, 22, 27) . Chemical modification studies, like footprinting using various cleavage agents have been instrumental in shedding some light onto the structural aspects of aptamer binding to proteins, where X-ray or NMR structural data is not available. Chemical cleavage or modification of an aptamer's sequence provides some limited information about the parts of the sequence that are in close proximity (or make contact with) the target and are therefore protected from modification. In combination with the secondary structure predictions, these studies provide some information about the possible structural motifs critical in effective binding of an aptamer to its target (24, 25) .
Selections of aptamers from doped libraries, where the specific positions or regions in the sequence have been modified to contain an unequal distribution of nucleotides, have been very informative in determining the best consensus sequences for a variety of aptamers as well as determining base distribution, i.e. information content of the sequence (27) . However, selection of aptamers from doped libraries has limitations. This process of selection is inherently targeted toward the selection of the highest affinity sequences. Information about these sequences is obtained after cloning and sequencing a limited number of clones after several rounds of selection (or sometimes in between the rounds). However, no information is usually obtained for the sequences, which do not survive the selection process. Thus, the effects of specific mutations on the affinity of the aptamer can be only indirectly inferred from the consensus sequence distributions. Thus, in general, library selection methods provide only limited information about the degree of affinity over the topology of local sequence space.
We have approached the study of aptamer sequence space using a different method. Instead of performing a mutagenesis and selection study as described previously (27), we have evaluated the properties of a wellcharacterized IgE-binding DNA aptamer by utilizing custom DNA microarray technology. As mentioned above, several companies currently offer synthesis of custom microarrays containing 60-mer (Agilent) or even 80-mer (Nimblegen) DNA sequences in a microarray format. This length is sufficient for studying most of the known DNA aptamers. Current DNA microarray production technology allows in situ synthesis of up to hundreds of thousands of sequences on the microarray surface (a number which is projected to expand to several million in the near future), resulting in a considerable capability to study sequence variations. By specifically defining the sequence at each feature of the microarray it is possible to systematically study the topology of local aptamer sequence space with respect to binding of the target protein. This approach provides more detailed information about the relative affinity of sequences that do not bind the target or bind it at with intermediate affinity. This information is normally largely inaccessible from the results of clone sequencing and consensus sequence analysis, as only the best binding sequences are analyzed after selection.
The relationship between array fluorescence values and affinities
For microarray data to be useful in the analysis of binding as a function of sequence space, fluorescence signals obtained from microarray experiments must correlate to the relative affinity of sequences. It is clear from Figure 4 that measurements in the 100 nM range of the target protein are still within the linear range of the binding curve and thus should be representative of relative binding affinity under the conditions of the measurement. However, the solution phase dissociation constant for the interaction between IgE and this aptamer is $10 nM as determined by a filter binding assay (16) . In contrast, in Figure 4 , the apparent K D for the aptamer on the surface is on the order of several hundred nanomolar (it is difficult to estimate accurately as saturation has not been reached even at 500 nM protein concentration). Previously published results using aptamer microarrays prepared using synthesized aptamers have generally shown binding at protein concentrations more consistent with solution phase dissociation constants (9, 11, 12) . The large apparent K d for IgE binding to its aptamer on the surface could arise from one of several factors. First, the surface itself can affect aptamer function. It is quite possible that there are interactions between the aptamer and the surface of the slide in the case of the arrays being used here that effectively compete with the IgE interaction (the strong influence of linker length on aptamer affinity in Figure 2 suggests this). Second, the binding protocol was optimized for the best signal to background ratios on these particular arrays. This involved both specific incubation times, temperatures and buffer conditions as well as the presence of blocking agents to decrease non-specific binding. These conditions may favor specificity of binding, but change the binding kinetics or dissociation constant significantly. Past studies of aptamer binding to IgE (9, 12) have been performed by incubating the arrays with the target protein at room temperature instead of at 37 C as has been done here. Solution affinities determined for the IgE-binding aptamer using fluorescence anisotropy resulted in K D values that increased significantly with temperature (23) . This effect could also be exaggerated when binding occurs at the surface, depending on the nature of the surface interactions. Finally, the dye labeling of the IgE, particularly with multiple labels per protein at random amines, could change the binding characteristics of the protein as well as increase non-specific binding, as has been demonstrated previously (10) .
In order to empirically determine if the fluorescence signals from the microarray measurements corresponded to relative affinities, more traditional methods of evaluating affinity were applied to the original aptamer sequence and several of the variants identified on the microarrays (Table 1) . Even though the apparent dissociation constant for the original IgE-binding aptamer on the surface is considerably larger than that previously seen in solution, the relative changes in fluorescence intensities obtained for different sequences correlate very well with the dissociation constants obtained for several different aptamer variants (Table 1 and Supplementary Data) using either anisotropy measurements or SPR analysis. Thus, as a qualitative measure of binding affinity, the fluorescence values determined in the array are apparently valid.
Overall structural requirements
The IgE-binding aptamer has been previously selected from a DNA library containing a sequence of 40 random nucleotides using standard SELEX methods (16) . After 15 rounds of selection and the sequencing of 87 clones, it was shown that a highly conserved 21 nt long sequence was responsible for high-affinity binding. It was proposed that this conserved sequence could be folded into a stemloop secondary structure having an unstable 4 bp stem and a 12 base loop. Extension of the unstable stem by flanking complementary sequences was then shown to stabilize the aptamer structure and improve binding affinity. At the same time, variations in the sequences obtained from the clone sequencing analysis suggested that the sequence of the stem was not critical for binding. Consensus sequence analysis also indicated that only a few positions in the aptamer sequence can be varied (in most cases either C or T were present in the clone sequences at the positions 11, 18, 19, 23 and 24 using the sequence numbering of the D17.4 aptamer) (16) .
Overall, the results presented here complement the results from the original selection paper. Analysis of the single-site mutants shows that the specific sequence of the aptamer is critical in determining the aptamer's ability to bind to IgE. Mutations in the positions mentioned above : 11, 18, 19, 23 and 24 , are possible while maintaining significant affinity to the target protein.
In addition to that, position 22 can also be mutated from C to T without detrimental effects. No other single mutations are possible without significant decreases in affinity. Through systematic analysis of the effects of particular mutations on binding, additional conclusions can be drawn that would not be possible to obtain from library selections without sequencing and analyzing a large number of potential aptamers. For example, consensus sequence analysis in previous work showed that it is possible for either C or T to be present in position 11 and retain binding capability. The results of the current study show that G can also be substituted in this position with nearly the same resulting affinity. Thus, one useful aspect of array analysis is that it can provide a complete picture of all possible equivalent aptamers in local sequence space.
The stem region
Previous studies have suggested that the stem region is not critical for binding (16) . Our microarray analysis of the IgE aptamer stem region indicates that some modifications may actually enhance binding (a conclusion that is supported by more traditional affinity measurements for position 1, Table 1) . Single-mutation analysis shows that having a mutation in the first two base pairs of the 5 0 end of the stem results in an increase in the detected fluorescence signal, implying better binding. This result suggests that having a less energetically stable stem is beneficial for the aptamer function. A similar conclusion is also implied by the results of stem mutagenesis when base pairing in the stem region is conserved. Results presented in Figure 5 show that having a less stable A-T or T-A base pair at the beginning of the stem results in the improvement of detected signal. Based on the consensus sequence obtained from the selection results, it was suggested that the base pair composition in the stem region is important only as a stabilizing structural factor (16) . However, the results presented here show that the particular base pair composition of the stem region is important for obtaining the best binding signal. For example, having a stem with all GC or all CG base pairs results in a several-fold decrease in the detected signal, i.e. apparent aptamer affinity. As shown in Figure 5 , changes in the base pairs 5 through 8 (which would correspond to the initial stem region just below the loop in the consensus sequence and proposed secondary structure) have quite significant effects on the observed binding signal. Both decreased and increased signals were obtained, implying that optimization of the aptamer sequence in the stem region is possible. Finally, even the symmetry appears to be important; an aptamer sequence containing the reversed stem, wherein the sequences that comprise the 5 0 and 3 0 stem regions have been exchanged, appear to give rise to a somewhat higher signal than the original sequence. All these results emphasize that the detailed structure of the stem region plays an important role in binding of the target protein.
Information content of aptamer sequence
Previously, the information content of nucleic acid protein-binding sites has been quantified utilizing the Shannon uncertainty measure, which is calculated by determining the probability of finding a specific nucleotide at a particular position (28, 29) : H ¼ À P P i log 2 P i , where H is the uncertainty of the particular position, P i is the probability of finding a specific nucleotide at that position and i represents the four nucleotides (i = A,T,C,G). The probability P i can be estimated from the frequency of occurrence of the particular nucleotide (i) at a position upon analysis of a number of sequences. Using this approach, the information content of RNA aptamer sequences selected to bind GTP has been calculated (27) . In that work, an extensive mutagenesis and selection study was performed to evaluate the effects of mutations in each sequence position as well as to quantify the information content of different aptamers with distinct sequences (also secondary structures) and different affinities for the target molecule. It was concluded that a 10-fold increase in aptamer affinity requires the addition of $10 additional bits of information, which corresponds to specifying the identity of five additional nucleotide positions. This change in information content also results in about a thousand-fold decrease in abundance of functional sequences within a random set of sequences (27) .
The results presented here do not directly provide an estimate of the frequency of a specific nucleotide at a particular position in the aptamer sequence. However, the microarray results for the aptamer sequence variants can be used to estimate the probability of finding a specific nucleotide in the aptamer sequence. For example, Figure 3 shows that aptamer sequences with either C or T at the position 22 show about the same fluorescence intensity signals representing about the same affinity, thus, one can conclude that the probabilities of finding these two nucleotides at that position are about 50% in a functional aptamer, while the probabilities of finding either A or G at this position are essentially zero (the actual probabilities for each nucleotide can be more accurately estimated based on the observed binding signals). From this follows that the information content at this position is about 1 bit. Using this approach, the information content for each position in the loop region of the aptamer sequence was calculated ( Figure 7) . The information content in the stem region could not be unequivocally evaluated because all possible stem mutations were not tested, making it difficult to assess the importance (and complete information content) of the stem region.
Total information content of the aptamer sequence can be used to evaluate the probability of finding a functional aptamer sequence in random space. The total information content in the loop region of the IgE-binding aptamer is $29 bits. Thus, the probability of finding a functional aptamer sequence is 2 À29 % 2 Â 10 À9 . Taking into account the fact that stem region of the aptamer sequence probably adds several bits to the total, it is expected that the actual probability is on the order of 10 À10 .
Topology of functional sequence space
The microarray results presented here also provide a useful picture of the local topology of functional sequence space for the IgE-binding aptamer. One of the striking aspects of Figures 3 and 6 is that very few positions in the sequence can be mutated while maintaining binding affinity similar to the original sequence. Most changes, even of single bases, result in a drop in fluorescence signal essentially to baseline level. The absence of high-affinity compensatory variants in the double and triple mutant studies suggests that the functional sequence space of this aptamer is very constrained. In other words, the local sequence space encompassing the functional aptamer sequences looks more like a rugged landscape containing sharp peaks ( Figure 6 ) rather then a gradually changing surface. This implies that rational optimization of the aptamer functionality through step-wise mutagenesis is essentially impossible. Further studies of other aptamer sequences are required to see how general this observation is. This study of DNA aptamer sequence space shows yet another application for DNA microarrays. We have demonstrated that microarrays can be effectively used to study a wider range of DNA-protein binding interactions, not limited to proteins which bind to double-stranded DNA as previously demonstrated by protein binding to double-stranded DNA microarrays. It can be anticipated that this methodology will become a useful tool for future investigations of the structure/function properties of aptamers. It can also be expected that in the future microarray technologies can be extended to novel chemistries (expansion in the choice of modified or non-natural nucleotides, different coupling chemistries, etc.) which might provide new information about the protein-DNA interactions and which should prove useful for postselection modifications and optimizations of aptamers to improve their stability or selectivity under specific conditions. 
